The fine structure of phloem fibres II, U n treated and swollen ju te By R. D. P reston 16 October 1940) [P late 5] Studies of th e ju te fibre b y X -ra y m eth o d s, u n d er th e polarizing m icro scope, an d a fte r swelling w ith various reagents, lead to th e conclusion th a t th e optical h eterogeneity of th e wall is n o t to be explained in term s of changes in cellulose chain direction. T he evidence available shows th a t th e wall is com posed of chains form ing a single, steep spiral. The wall spiral becomes steeper as th e cell elongates an d th is continues u n til th e onset of wall thickening.
Department of Botany, University of Leeds {Communicated by V. H. Blackman, F.R.S.-Received
The fibre in m an y w ays provides a stu d y com plem entary to th a t of hem p. T he o u ter layers of th e wall are th e least lignified an d have th e least resistance to swelling. T he phenom enon of 'b allo o n in g ' is therefore never observed, th o u g h stru c tu re s resem bling balloons m ay be produced b y a special technique. F o r sim ilar reasons tran sv erse cracks are never observed during th e swelling process.
Im p reg n atio n w ith lignin seems to cause a n increase in thickness of th e wall even in th e o u ter layers w hich are far rem oved from th e cytoplasm -w all interface.
The results fully confirm th e conclusions already reached th a t observa tions of swollen m a te ria l is u sually en tirely m isleading.
I ntroduction
In the previous paper in this series (Kundu and Preston 1940) , it was pointed out that while in hemp the wall is certainly heterogeneous in its optical properties, this does not necessarily imply that the cellulose chains in outer wall layers are less steeply inclined to the longitudinal than are those of inner layers. It is proposed here to re-examine the structure of jute fibres from this point of view. For a review of the various statements which have been made concerning the ' crossed fibrillar ' structure of plant cell walls the reader is referred to previous communications (Kundu and Preston 1940; Preston 1939a) . Here again we have to deal mainly with the cellulose component of the wall, though the various phenomena observable during swelling demand some reference to the incrusting substances.
In broad outline, the wall of the jute fibre resembles that of hemp; in particular the evidence is again convincing that there is no considerable change in cellulose chain direction from layer to layer. It is not, therefore, proposed to give any more than an indication of these points of similarity. In some ways, however, the work on jute is complementary to that on hemp and it is on this aspect that particular emphasis is placed. The details of the anatomy of the jute plant will be examined elsewhere (Kundu 1940) . It will suffice here to point out (pending this later discussion) that in jute, contrary to accepted opinion, all the so-called 'bast' fibres are developed from a cambium. There seems no reason to doubt, moreover, that the first-formed, outermost fibres are developed in protophloem and the inner most in metaphloem. The terms protophloem fibres and metaphloem fibres respectively will therefore be used to denote fibres of the outer and inner series wherever necessary. It may be said at the outset that no major differences have been observed between the two groups.
In transverse section under the polarizing microscope the fibres of jute resemble those of hemp very closely, with the exception that an inner bright lamella is very seldom observed. The outer layer is, however, clearly distinct from an inner broader dark lamella. Thus in jute we have the same optical discontinuity as in many other plant cells, and again its explanation is no more easy to give.
Fibres have been observed in the untreated, water-retted, and chromic acid macerated state. The methods employed in treating the material are identical with those described in the previous paper and no further reference need be made to them. The material used was obtained from plants grown at Kew, rather than from commercial fibre, since this work on the wall was coupled with an anatomical investigation of the jute plant. The measurements of wall thickness (table 2) and the earlier determinations of the major extinction position were carried out by Dr Kundu under the direction of the writer, but the latter have all been revised before publica tion.
The fine structure of phloem fibres 105 Cellulose-chain direction and wall layering Although the results of major extinction position measurements in jute fibres are essentially similar to those already published for hemp, the com parative clarity with which two lamellae can be distinguished under the polarizing microscope makes it advisable to pay more attention to them than they might otherwise merit. The extinction positions have been measured on cells cut open as described elsewhere (Preston 1934) both for protophloem and metaphloem fibres with the wall fully thickened and only partially so, and a representative set of data are presented in table 1. It is implicitly assumed in what follows that the figures for the partially thickened fibres represent an early condition of the fully thickened. It may be said immediately that this is not definitely proved. We cannot observe one fibre in each of the two conditions, and in the case of protophloem fibres it is impossible to compare two sets even at the same level in the stem. Nevertheless, observations over a wide range of material has always yielded results of the type presented. The assumption we make would seem to be justified. * The m .e.p. is usually inclined in a rig h t-h a n d e d sp iral; only occasionally is a left-hand spiral encountered.
t The d istrib u tio n is m ark ed ly skew, th e m odal value lying betw een 0° a n d 5° in each case. H ence a probable error can n o t be given.
Measurement of layer thickness, both under the ordinary and polarizing microscope, are presented in table 2. These were made in the ordinary way using a in. oil immersion lens, with a Leitz eyepiece screw micrometer T able 2. L ayer thickness in fib r es fully and partially thickened thickness clamped firmly to the microscope. While such determinations cannot be said to have a high order of precision, the differences which we observe are well outside the limits of experimental error. Several points emerge immediately. In agreement with the results of Bailey and Kerr (1935) on the tracheid, increase in wall thickness is here also due largely to increase in the inner dark layer. We have, however, the astonishing fact that during differentiation the outer layer too thickens appreciably. This cannot reasonably be explained in terms of intussusception in the accepted sense, for the process occurs long after the development of an interface between protoplasm and wall; nor does it seem likely that the effect is due to a progressive change of the cellulose chain direction in outer lamellae of the inner layer so that they become effectively part of the outer layer. The cells at the younger stage, however, show little signs of lignification and in this respect two possibilities are immediately obvious. The process of lignification either causes a morphological layer already present to swell considerably or, as inner lamellae continue to lignify, simply adds to the thickness of an outer 'layer' characterized solely by its chemical complexity. The former alternative seems more feasible in view of the repeated observation that lignification causes increase in wall thickness (e.g. Frey 1926; Alexandrow and Djaparidze 1927).
The main interest of the figures for wall thickness, however, centres round their relation to the m.e.p. determinations. As we pointed out in the case of hemp, close agreement between the directions of the m.e.p.s for fully and slightly thickened fibres furnishes strong evidence against the existence of approximately transverse cellulose chains in the outer layers of the wall. Only if the cellulose chains in outer and inner layers were exactly at right angles could this agreement hold. In practice, however, whenever the angle between fibrils has been measured in a wall possessing such a crossed structure, the interfibrillar angle has been found considerably fibre type condition protophloem thickened whole wall* inner layerf outer layer J less than 90° (Preston and Astbury 1937; Astbury and Preston 1940; Preston 19396; Steinbrinck 1927) . This would mean that if one layer were increased in thickness the direction of the m.e.p. would change. In the present circum stances the differences in wall thickness seem to be sufficient, if the wall really were of a crossed fibrillar nature, to cause a change so pronounced as to be measurable. There is no need to give here the calculations involved, but it appears that if the reasonably high angle of 80° be assumed then the change in the m.e.p. would be some 2° or 3°, assuming a birefringence of 0-06. This rough figure is calculated on the assumption that the thickness of the outer layers represents real differences in the amount of cellulose present, and is therefore a minimum; thus the most unfavourable con ditions give a measurable difference. In table 1, it will be observed that there is no difference of this magnitude. Thus in jute, as in hemp, consideration of the m.e.p. argues strongly against the presence of an outer layer with more or less transverse cellulose chains. The simplest and most logical conclusion is that only one set of chains is present and that the optical discontinuity of the wall is due to some cause other than change in chain direction.
This conclusion receives full support from the X-ray diagram. Figure 7 , plate 5 represents the diagram of a bundle of jute fibres containing both protophloem and metaphloem groups. Neither in our material nor in commercial jute* is there any sign of a cellulose chain orientation other than longitudinal or steeply spiral.
Staining reactions of the wall and the effec t of sw elling agents A rough estimation of the distribution of the incrusting substances has been made in fibres from untreated, water-retted, and chromic-macerated material. In the first condition only were the fibres observed in transverse section. Staining methods were used exactly as in the case of hemp. They reveal, however, a distribution, particularly of lignin, significantly different from that in hemp. In both protophloem and metaphloem fibres the wall is strongly impregnated with lignin in a fairly uniform manner, lignification in the former being somewhat less marked. Certainly the degree of lignification seems to be higher than in hemp and in this our staining methods are supported by the analyses of Norman (1936) . Pectin also is distributed throughout the whole wall, though it is much more abundant in the middle lamella.
* The sta te m e n t concerning th e com m ercial fibre was com m unicated p riv ately by D r W . T. A stbury.
After retting in water, the prim ary wall and the outer layers of the secondary wall lose much of their lignin, while the inner layers remain strongly lignified; pectin has disappeared completely. Maceration in chromic acid removes all lignin from the wall as far as can be ascertained by staining methods.
The distribution of incrusting substances is thus very different from that in the hemp fibre, where the outer wall layers are the more strongly lignified, and retain much of their lignin even after water-retting. We might, therefore, expect a response to swelling agents which, though similar in general outline, will be different in detail. This expectation is fully confirmed. We will confine ourselves to water-retted fibres since they show the most striking differences. The innermost layers of the wall, which are still lignified, fail to dissolve or even swell appreciably in any strength of sulphuric acid; neither do they swell in caustic soda or in Eau de Javelle. In all these treatments the layers of the wall outside this resistant layer swell considerably (and even dissolve completely) in sulphuric acid in strengths above 70%. The outermost layer of all, possibly the primary wall, usually has the least resistance to swelling though in certain cases it may temporarily retain a consistency sufficient to produce signs of con strictions in the swelling of inner layers. In sulphuric acid of more than 50 % concentration this layer swells and breaks up into fibrils-a change which also occurs if the wall is compressed after a 36-hour treatment in the cold with Eau de Javelle or 10% caustic soda. Under these latter conditions the fibrils take the form of comparatively flat spirals which become flatter as greater pressures are applied (table 3 and At the same time the slit mouths of the pits always so orient themselves that they lie parallel to the fibrillar direction in the outer layers of the wall (figures 1-3, plate 5). I t may be mentioned th a t fibrils are never seen in the inner layers even after the highest pressures. We have therefore here again the clearest evidence th a t the appearance, after swelling, of spiral fibrils is an artefact solely attributable to the effect of swelling agents and subsequent treatm ent upon the dimensions of the fibre. Such pictures of the wall after swelling, as produced for example by Osborne (1935) , are merely a consequence of the deformation of an originally steep spiral and give a totally misleading picture of the structure of the intact cell.
In view of the connexion suggested elsewhere between the phenomenon of 'ballooning' and the resistance of an outer layer to swelling, it is interesting to note th a t in jute this phenomenon is seldom observed. This would seem to be connected with the lower lignin content of the outer layers in the jute fibre wall. During the present investigation special attem pts have been made to induce ballooning in jute in the light of our knowledge of the behaviour of hemp fibres. After treatm ent with 55 % sulphuric acid the fibres certainly swell, but no splitting of the prim ary wall takes place. This prim ary wall may still be observed sheathing the wall as a system of spiral fibrils. The phenomenon both in appearance and development is quite distinct from ballooning proper. Under special con ditions, however, a phenomenon may be observed which is much more comparable with ballooning and is developed in the same way. If waterretted fibres are treated with Eau de Javelle for 36 hours, washed in water, immersed in 55% sulphuric acid, and compressed, they present the appearance illustrated in figure 8, plate 5. Even here the ballooning can hardly be described as typical, for the 'balloons' appear to be flattened discs rather than spheres. This particular treatm ent has obviously ' softened ' the primary wall sufficiently to allow it to split rather than disorganize into fibrils, and a t the same time has allowed the inner layers to swell to an extent such th a t they protrude through the spiral fissure. Upon further pressure being applied to fibres in this condition, the outer layers become entirely disorganized and the appearance of balloons is lost.
In jute again, as in hemp, transverse markings often make their appearance on swelling, particularly if pressure is employed. Only under the conditions of slightest pressure or if the swelling is unusually great are the transverse markings not evident. Here we have the clearest evidence th at these markings are folds in the wall and not striations (figure 9, plate 5). This lends further support, if any were needed, to similar conclu sions in the case of hemp.
The developm ent of the fibre While in this paper we are primarily concerned with the structure of the adult wall, some brief remarks on the nature of the wall at periods during the development of the fibre may perhaps not be out of place, particularly since the point has been referred to elsewhere (Barker 1940) . Further details concerning the botanical side of the process are to be published later (Kundu 1940) . We may merely note that the young fibre is enveloped in a wall which is denoted as primary and whose surface area increases during the considerable elongation of the differentiating cell. The wall appears to be pitted at a very early stage, and during the whole process of elongation the direction of the m.e.p. corresponds, within the limits of experimental error, with that of the major axis of the pit mouth. Up to a fairly late stage in development the pit mouth is broadly elliptical and both the m.e.p. and the major axis of the pit mouth make a considerable angle to the longitudinal. When, however, the fibre has reached its full length, the pit has become slit-mouthed, and the inclination of the slit is more nearly longitudinal. No fibre has yet been observed in which the pit mouth is oriented transversely. Thus we have yet another clear case in which the cellulose chains of the primary wall run in a spiral whose inclination to the longitudinal decreases as the spiral elongates.
There is no point in attempting here any numerical relation between inclination of the pit mouth and cell length. The appearances suggests that during the major part of cell extension the direction both of the m.e.p. and the slit mouths is maintained without change, and that it is the last phase only of extension which is effective in steepening the spiral. This is a point which it will be difficult to establish, since it is at present not feasible to observe a series of stages of fibre development in radial seriation. It does recall the differences between the effects of wall growth and of mechanical extension suggested elsewhere for different cell types (Preston i 934> J939 a and b)-
D iscussion and conclusions
Thus in jute, as in hemp, the simplest picture of the structure of the fibre wall, and one which is in harmony with all known details, is that the cellulose chains composing the wall lie in one direction only, forming a single steep spiral round the cell, and that this spiral results from an original flatter spiral as a result of cell extension. In support of this statement we have the fact that the 111.e.p. of fully thickened fibres is not more steeply inclined than in partly thickened fibres as the presence of an outer layer with transverse chains would require. Again, the X-ray diagram shows most clearly that any chains with orientation other than the longitudinal are negligible in amount. Finally, the outer layers of the wall break up under the effect of swelling agents into fibrils which are first arranged in a very steep spiral, and it is only after drastic treatment of either a chemical or mechanical nature that these outer fibrils come to be arranged even approximately in the transverse direction.
Perhaps the most important conclusions to be drawn centre around the connexion between the effect of swelling agents and the distribution of incrusting substances. This is hardly the place to refer to details of jute manufacture, but it would certainly seem that the lower quality of jute as a textile fibre may be largely attributable not only to the high xylan content (Norman 1936) but also to its characteristic lignin distribution. The tendency of jute to Tinter' for instance may well be due to the less resistance of the outer layers of the wall in water-retted material. The absence of typical ' ballooning ' is certainly connected with the lack of an outer resistant sheath, and to the comparative uniformity of swelling in inner layers is due the fact that no such transverse cracks have been observed as were so very evident in hemp. The frequent presence of folds in outer layers of swollen material, on the other hand, has been observed, both in jute and hemp, and these folds are even more pronounced in jute. The presence of an outer non-swelling layer, in terms of which the presence of folds in hemp fibres were explained, is evidently not essential from this point of view. It is, in fact, difficult to say why folds are produced in jute fibres. Pressure on the material is certainly required, and it seems certain that there must therefore be some difference between the responses of inner and outer layers to a combination of pressure and swelling, which is not attributable to the swelling responses only.
In both jute and hemp fibres, then, the.wall is uniform in the sense that the cellulose chain direction is maintained throughout the wall thickness without serious change. The effects of swelling agents in both cases depends not only on the precise configuration of the cellulose component itself but also on the amount and distribution of the incrusting substances. In both cases the evidence points to the development of the fibre from an originally spirally wound initial, the inclination of whose wall spiral changes in accordance with change in dimension at some stage of growth. The optical heterogeneity still awaits explanation. The suggestion already made for hemp that it may be connected with the incrusting complex has perhaps received further support from jute in the observation that the outer layer, bright in cross-section, becomes considerably thicker during lignification. It would, however, seem more likely that the optical properties are con nected primarily with the cellulose component and change only slightly with the development of incrusting substances. A fter tre a tm e n t w ith 52-5 % su lphuric acid followed b y pressure. T he p it m o u th s are now less steeply inclined. F ig u r e 3. As in figure 2 a fte r violent pressure. T he inclination of th e slit m ouths to th e cell axis is now m u ch greater.
F ig u r e s 4-6. Illu stra tio n s of th e progressive change in fibrillar direction in Corchorus fibres a fte r tre a tm e n t w ith E a u de Jav elle a n d various pressures. F igure 4. G entle pressure. F ig u r e 5. S tro n g pressure. F ig u r e 6. V iolent pressure.
F ig u r e 7. X -ra y p h o to g ra p h of a bundle of ju te fibres. T he X -ra y beam is perpen d icu lar to th e lo n g itu d in al axis o f th e fibres. F ig u r e 9. T ransverse m arkings on swollen fibres. T he w rinklings a t th e edges show clearly t h a t th ese are folds an d n o t striations.
